Background: Unlike animals, higher plants do not establish a germ line in embryo development but form haploid germ cells from diploid somatic cells late in their life cycle. However, despite its prime importance, little is known about how this transition is regulated.
Introduction
One of the hallmarks that distinguish development of higher plants and animals is the generation of germ cells. In Drosophila, Xenopus, and C. elegans, the germline is derived from specialized cytoplasm present as early as in the egg cell, whereas in mammals, a distinct germline appears at midgastrulation [1] . Somatic cells, however, are not capable of switching to the meiotic pathway. By contrast, in higher plants, there is no germline separated from the soma early in development, but gametes are ultimately generated from diploid somatic cells in the adult organism. A selected cell undergoes meiosis to give rise to a haploid spore from which gametes are then formed by mitotic divisions. The transition to gametogenic fate is restricted to only a few cells within the male and female organs of the flower, indicating that the selection of precursor cells and the transition to meiosis is a highly regulated process. In the model plant Arabidopsis thaliana, egg cell formation occurs in ovules that arise as finger-like protrusions from the placental tissue within the gynoecium [2] ( Figure 1A ). Ovules consist of three functionally different domains: the proximal funiculus, the central chalaza, and the distal nucellus. The funiculus contains vascular strands and is thought to supply the ovule with nutrients. The chalaza gives rise to two integuments, which grow around the nucellus and form the protective seed coat. In the nucellus, a single hypodermal cell (archesporial cell) enlarges and becomes the megaspore mother cell (MMC), which undergoes meiosis to produce four haploid female spores (megasporogenesis) ( Figures 1A and 1C) . Whereas the three distal meiotic products undergo programmed cell death, the most proximal one gives rise to the gametophyte by three rounds of mitotic divisions (megagametogenesis). The resulting mature embryo sac contains the two female gametes, the egg cell and the diploid central cell that originates by fusion of two nuclei. The two gametes generate embryo and triploid endosperm, respectively, after a double fertilization.
Only a few Arabidopsis thaliana mutants have been reported to affect development of the nucellus [3] [4] [5] [6] [7] . Mutations in the SPOROCYTELESS/NOZZLE (SPL/NZZ) gene result in ovules with severely shortened nucelli that cease development without forming an MMC and also display distorted integument growth [3] . In addition, several regional marker genes are mis-expressed, indicating that NZZ affects ovule pattern formation in addition to growth [8] . Integument development is also disturbed by mutations in several other genes (reviewed in [9] ), including WUSCHEL (WUS) [10] , which was initially identified as a regulator of stem cell maintenance in the shoot meristem [11, 12] and AINTEGUMENTA (ANT), which appears to act as a general growth regulator [13, 14] . Here, we report a genetic pathway that is essential for megasporogenesis. This pathway involves NZZ, WUS, and its downstream genes WIH1 and WIH2 encoding previously uncharacterized small peptides, the tetraspanin-type gene TORNADO2 (TRN2), and, by inference, the leucine-rich repeat protein gene TRN1.
Results
Megaspore Mother Cell Development Is Defective in wus Mutant Ovules WUS expression in the nucellus ( Figure 1B ) of the developing ovule is required to regulate patterning of the underlying chalaza and to initiate integument formation from this domain in a non-cell-autonomous manner [8, 10] . Because WUS is expressed in the ovule before the integuments become visible [10] , we analyzed early stages of wus-1 ovules by differential interference contrast (DIC) microscopy for yet unnoticed defects.
Strong wus-1 mutants fail to produce any fruits as a result of defective floral meristem maintenance. To analyze ovule development, we restored shoot and floral meristem function in the wus-1 mutant by expressing a WUS cDNA from the CLAVATA1 (CLV1) promoter, which is not active in the ovule [10] . In stages 2-II to 2-IV when integument primordia appeared (stages according to [2] ), 99.8% of wild-type ovules displayed an MMC, recognizable by its large overall cell size, prominent enlarged nucleus, and most distal subepidermal position (see Figure 1C) . In contrast, we did not detect an MMC in 9%-12% of all wus-1 ovules ( Figure 1D ; Table 1; see  also Table S7 available online) . Instead, the subepidermal cells in the nucellus tip were smaller than a normal MMC, did not have an enlarged nucleus, and resembled the parenchymalike neighboring somatic cells in the nucellus ( Figure 1D ). In the remaining mutant ovules (81%-88%), the MMC appeared morphologically normal, but subsequent development 
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WIH1 1 M-YHQEQHPVGAPPPQGYPPKDGYPPAGYPP-AGYPPP-----------------GYAQGYPAQGYPPPQ
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WIH2 1 MS-QYNQPPVGVPPPQGYPP-EGYPKDAYPP-QGYPPQGYPQQGYPPQGYP------QQGYPQQGYPPPY MS-QYNQPPVGVPPPQGYPP-EGYPKDAYPP-QGYPPQGYPQQGYPPQGYP------QQGYPQQGYPPPY YSQAP----------------------QQKQ-NAGMLEGCLAALCCCCLLDACF 82
WIH3 71 YPQGHPPQYPYQGPPPPHYGQAPPK NKKDKKDSGGFMEGCLAMLCCCVLLEACF 124 YPQGHPPQYPYQGPPPPHYGQAPPK NKKDKKDSGGFMEGCLAMLCCCVLLEACF 124 [2] are indicated. Scale bars represent 20 mm (B) and 10 mm (C and D). See also Figure S1 . Percentages and standard deviation are given. n indicates total number of ovules analyzed; ND indicates not determined. See also Table S2 . terminated prematurely as previously described [10] . Given that the penetrance of this defect is incomplete, we assumed that additional functionally redundant factors might be involved. Therefore, we tested the WUSCHEL-RELATED HOMEOBOX 6 (WOX6)/ PRETTY FEW SEEDS2 gene [15, 16] , which is expressed in the ovule. WOX6 loss-of-function mutants display impaired embryo sac development ( [16] and our unpublished results). However, our results do not support the notion that WOX6 acts redundantly with WUS in MMC development ( Figure S4 and Table S7 ). Recent studies have shown that WUS acts downstream of NZZ, which affects several processes in ovule patterning and growth, including MMC formation [3, 8, 17] . Because we did not observe any other defects in nucellus development in wus-1 at these early stages, WUS appears to represent a subset of NZZ functions dedicated to megasporogenesis.
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WUS Is Required for Ovule-Specific Expression of WIH1 and WIH2 Genes that Encode GYPP-Repeat Proteins In order to identify genes that mediate WUS function, we performed a subtractive suppression hybridization screen. To this end, we used a 35S:WUS-GR transgene (expression constructs are denoted as PROMOTER:EXPRESSEDSEQUENCE) that upon induction of the WUS-GR protein by dexamethasone results in typical WUS overexpression phenotypes including the ectopic expression of a CLV3:GUS reporter gene [18] . cDNAs obtained from 9-day-old induced 35S:WUS-GR seedlings were subtracted from a 303 excess of cDNA from noninduced seedlings and vice versa. Repeatedly isolated cDNA clones from an RNA upregulated in induced 35S:WUS-GR seedlings corresponded to the At5g67600 gene, which encodes a protein of 82 amino acid residues ( Figure 1E ) and was named WINDHOSE1 (WIH1). Two similar genes in the Arabidopsis genome were named WIH2 (At2g41420) and WIH3 (At3g49845). WIH2 encodes a protein of 98 amino acid residues with 65% identity and 77% similarity to WIH1 ( Figure 1E ), and WIH3 encodes a protein of 124 amino acid residues with 52% identity and 64% similarity to WIH1. Since our subsequent studies demonstrated that WIH3 is not expressed in carpels and therefore probably is not relevant for ovule development (Figures S1A and S1B), we focused on WIH1 and WIH2.
The WIH sequences suggest a bimodular protein structure. The larger N-terminal domain contains several GYPP-motifs ( Figure 1E ). GYPP repeats are known from annexins (for example, synexin) that bind to phospholipid membranes and are thought to recruit proteins to the membrane via the GYPP-motif-containing domain [19, 20] . At the C terminus, WIH proteins contain a domain of w20 amino acids present also in other predicted Arabidopsis proteins, which we named WIH domain ( Figure 1E ; Figure S1C ). Several genes encoding similar proteins with both domains are present in other plant species and in fungi ( Figure S1C ), but none have been identified in the animal kingdom.
We next determined the spatial expression pattern of WIH1 and WIH2. In situ hybridization with a WIH1 antisense probe did not yield robust signals (not shown), suggesting that the mRNA is expressed at low steady state levels. Therefore, we generated a WIH1:NLSGUS (NLSGUS hereafter referred to as GUS for simplicity) transcriptional reporter gene containing 1 kb of DNA upstream from the putative WIH1 translational start site ( Figure 2A ). WIH1:GUS was expressed in the nucellus from early stage 1-II on (when placental protrusions elongate) until embryo sac maturity ( Figure 2B ). WIH1:GUS was additionally expressed in several other tissues (Figures S2B-S2D and S2H), including developing vasculature, floral organ primordia, and the root meristem, but notably, expression could not be detected in the shoot apical meristem. An identical expression pattern was obtained independently with a gene trap line, GT5376, which harbors a GUS coding sequence in the second exon of WIH1 (Figures S2A and S2E-S2G), indicating that the WIH1:GUS reporter reproduces the expression pattern of the endogenous WIH1 gene. We frequently observed for GUS reporters used in this work staining throughout the cell, although the NLSGUS protein should be targeted to the nucleus. To exclude the possibility of signal spread into neighboring cells, we repeated staining reactions under a higher concentration of Fe 2+ /Fe 3+ , which blocks diffusion of the soluble reaction intermediate [21] , and observed identical expression pattern, albeit at weaker levels (not shown). Promoter deletions (Figure 2A) showed that the sequence between 2226 and 2425 bp (with regard to the ATG start codon) of the WIH1 promoter is essential for expression in the ovule, but dispensable for all other expression domains ( Figures 2D and 2F ). In contrast, the region between 265 and 2202 bp is only required for WIH1:GUS expression outside of the ovule ( Figures 2D and 2E ). This indicates that WIH1 transcription in ovules and other organs is regulated via separate cis-elements. A WIH2:GUS reporter was constructed with a 1.5 kb fragment spanning the region upstream of the WIH2 translational start to the next gene (Figure 2A ). WIH2:GUS was specifically expressed in the nucellus from stage 1-II until embryo sac maturity and no staining was detected in the chalaza (Figure 2C) . In mature ovules, expression was also detected in the outer integument. In addition, WIH2:GUS was expressed in other organs including leaf primordia, but could not be detected in the shoot apical meristem ( Figures S2I and S2J) . Thus, WIH1 and WIH2 expression overlapped with the WUS expression domain only in the nucellus.
Expression of both WIH1:GUS and WIH2:GUS reporters was strongly reduced in wus-1 mutant ovules compared to wildtype ovules ( Figures 3A, 3B , 3E, and 3F; Table S1 ), indicating that both constructs contain WUS-responsive elements relevant in the ovule. Conversely, the WUS:GUS expression pattern appeared unaffected by wih mutations ( Figure S4 ). WIH1:GUS expression was also reduced in ovules of nzz-2 mutants ( Figure 3C ; Table S1 ), consistent with WUS acting downstream of NZZ [8, 17] . Together, these results suggest that WIH1 and WIH2 act downstream of WUS during ovule development. By contrast, WIH1:GUS expression was not changed in ant-72F5 ovules ( Figure 3D ; Table S1 ), supporting previous findings that WUS and ANT act in separate pathways in ovule development [10] .
WUS Can Activate WIH1 Transcription Indirectly To investigate whether WUS is sufficient to activate WIH1 and WIH2 transcription, we performed Northern blot analysis with RNA from seedlings harboring 35S:WUS-GR. WIH1 mRNA level was notably increased 6 hr after induction of 35S:WUS-GR plants with dexamethasone ( Figure 3H ). In support of this finding, induction of 35S:WUS-GR in seedlings resulted in strong ectopic expression of WIH1:GUS and WIH1a:GUS, but not of WIH1b:GUS, in leaves ( Figure 3G , and data not shown). Induction in the presence of the protein synthesis inhibitor cycloheximide did not increase WIH1 transcript levels, indicating that upregulation of WIH1 transcript by WUS requires synthesis of an intermediate protein ( Figure 3H ). In contrast to WIH1, we did not observe a significant increase of WIH2 mRNA levels after induction of 35S:WUS-GR, pointing at differences in the regulation of both genes. Furthermore we find that, on the basis of the effect of cycloheximide treatment, expression of WIH2, but not WIH1, appears to be regulated by an unstable repressive factor.
In the shoot meristem, WUS promotes cellular cytokinin response by directly repressing negative regulators of intracellular signal transduction [22] , which results in upregulation of cytokinin response genes. Ectopic activation of the WIH1 promoter via 35S:WUS-GR could not be mimicked by the application of exogenous cytokinin (Figures S2K-S2L) , consistent with the notion that WUS promotes WIH1 expression via a cytokinin independent pathway. WIH1 and WIH2 Are Redundantly Required for Megasporogenesis Several independent wih1 or wih2 insertional mutants were indistinguishable from wild-type plants ( Figures 4B, 4C , and 4E; Table 1 ). By contrast, all double-mutant combinations of wih1 and wih2 alleles showed similar developmental defects, indicating that both genes act redundantly ( Figure 4 ; Figure S3 ; Table S2 ). In the following, we will focus on the wih1-1 wih2-1 double mutant. wih1-1 carries an insertion 75 bp upstream of the start codon and does not express detectable amounts of WIH1 mRNA (data not shown). wih2-1 expresses a truncated mRNA lacking the region that encodes the highly conserved C-terminal WIH domain ( Figure 4A ). It is thus likely that both mutants represent null alleles. During ovule development, wih1-1 wih2-1 ovules frequently (33.6%) lacked an MMC and displayed only parenchyma-like cells inside the nucellus at early stages (Figures 4C and 4D; Figure S3 ; Table 1 ). In mutant ovules containing an MMC, development terminated at later stages. In 12.4% of all ovules, an ectopic tracheid-like structure was found in place of the embryo sac (Figures 4D and 4E ; Table 1 ). Negative callose staining showed that these structures were not of meiotic nature ( Figure S3) . Notably, these defects were qualitatively indistinguishable from those observed in wus-1 ovules, albeit failure to detect an unequivocal MMC occurred at a higher frequency in wih1-1 wih2-1 ( Table 1 ). The expression pattern of a WUS:GUS reporter gene was not markedly altered in wih1 wih2 double mutant ovules, consistent with WUS being upstream of the WIH genes ( Figure S4 ). Furthermore, expression of nucellus/chalaza boundary and integument marker genes was also not altered in wih1 wih2 double-mutant ovules (data not shown), suggesting that general ovule patterning was not affected. Unlike in wus-1, integument initiation was not affected in wih1-1 wih2-1, but integument growth was reduced at later stages (Table 1) .
In addition, other organs including leaves, siliques, and roots often displayed retarded growth and were twisted, consistent with WIH1 and WIH2 expression in these organs ( Figure 5A ; Figures S2 and S5A-S5C ; Table 1 ). Given that these defects were not detectable in wus mutants and WUS expression does not overlap with WIH expression outside the ovule, we did not further analyze this aspect.
WIH Genes Genetically Interact with the TORNADO2 Gene The twisted organs of wih1 wih2 resemble the phenotypes of tornado1/lopped1 (trn1/lop1) and tornado2/ekeko single mutants ( Figure 5A ; Figure S5A ), which genetically act in one pathway [23] [24] [25] [26] . However, a role in ovule development has not previously been reported for either gene. We found that TRN1 and TRN2 are expressed in ovules, prominently in nucellus and integuments ( Figure S6 ). Therefore we analyzed trn1-1 and trn2-1 ovule development by DIC microscopy and observed in approximately 36%-50% of all ovules parenchyma-like cells in place of the MMC ( Figure 5B ; Table 1 ). At stage 3, 49%-71% of the ovules displayed parenchyma-like cells and 2%-17% ectopic tracheids instead of an embryo sac (Table 1) . Because these defects were qualitatively indistinguishable from those observed in wih1 wih2 and wus-1 mutants, we analyzed potential interactions between TRN and WIH pathways, focusing on the triple mutant wih1 wih2 trn2. Ovules of this mutant did not display an enhanced phenotype but showed identical defects as observed in wih1 wih2 double mutants and trn2 single mutants at all stages of development ( Figure 5B ; Table 1 ), consistent with that WIH1 and WIH2 genetically act in the same pathway as TRN2. The trn1 ovule phenotype and the gene's genetic interaction with TRN2 [26] infer that also TRN1 is a component of this pathway. Neither WIH1:GUS nor WIH2:GUS expression in the nucellus was notably affected by the trn2 mutation (see Figures 5C and 5D and Table S3 for expression levels). Vice versa, wildtype-like expression of TRN1 and TRN2 was detected by in situ hybridization in wih1 wih2 ovules ( Figure S6 ), and TRN2 mRNA was expressed at near wild-type levels in wih1 wih2 double-mutant inflorescences as shown by semiquantitative PCR ( Figure 5E ). Furthermore, neither TRN1 nor TRN2 mRNAs were upregulated by ectopic WUS activity ( Figure S5D ). Thus, WIH and TRN genes do not seem to markedly affect each other at the gene expression level. Neither the fertility nor the morphological defects of wih1 wih2 double mutants were rescued by a functional 35S:TRN2 construct ( Figure S7 ), indicating that overexpression of TRN2 is not sufficient to compensate for loss of WIH function. In summary, TRN2 and WIH1/WIH2 appear to act on a common downstream target in megasporogenesis.
Discussion
Two major distinguishing features of plant development are the regular alterations between diploid sporophytic and haploid gametophytic generations and the absence of a dedicated germline. Instead of forming a germline in the embryo as higher animals, higher plants have evolved mechanisms allowing the formation of haploid germ cells from diploid somatic cells in the flowers of the adult organism. Our results, together with previous data [8] , identify a regulatory pathway involved in the transition from somatic to reproductive fate in the ovule of Arabidopsis thaliana. In this pathway, the putative transcription factor NZZ promotes expression of the homeobox gene WUS in the nucellus, which in turn upregulates expression of WIH1 and WIH2 genes ( Figure 6 ). WIH1/2 genes encode small and previously uncharacterized peptides that together with the tetraspanin-type TRN2 gene and by inference with the leucine-rich repeat protein TRN1 regulate megasporogenesis. S3 and S5 and Tables S2,  S4 , and S5.
In all mutants of the WUS/WIH pathway, parenchyma-like cells resembling neighboring somatic cells are observed at the position of the MMC as the earliest detectable defect in ovule development. Later, also ectopic tracheids are found (12.4% in wih1 wih2) in place of the embryo sac. It is possible that if normal development is not established, cells of the nucellus spontaneously adopt alternative fates according to their remaining developmental options. In line with this view, formation of a tracheid-like-cell in the nucellus, which has also been observed in bel1-3 and ant-9 mutants, could be considered as the resurgence of a phylogenically basic feature implicating the nucellus as a structure of stem origin [5, 13, 27 ]. An alternative model is that the WUS/WIH pathway maintains the most distal hypodermal cell in the nucellus in an undifferentiated state so that untimely and/or aberrant differentiation is prevented. This model implies that the MMC must be protected from responding to inappropriate signals. Such a function of WUS would correlate with its role in preventing differentiation of shoot meristem stem cells. Because WUS and WIH1/2 expression persists in the nucellus throughout megasporogenesis, this model would imply, however, that signals promoting MMC differentiation eventually must be able to overcome WUS/WIH functions.
Mutations in all components of this pathway ultimately disrupt germ cell formation, but the penetrance and timing of defects is variable between individual ovules of each mutant. In addition, the expression levels of WUS in nzz-2 ovules and those of WIH1 and WIH2 in wus-1 ovules are strongly reduced, but not completely abolished, suggesting that further yet unidentified functionally redundant factors are involved. In mutant ovules in which the MMC appears initially normal, development terminates shortly thereafter. One plausible explanation for the different time points when a first mutant defect becomes visible could be that WUS/WIH activities are continuously required during megasporogenesis, consistent with the WUS/WIH expression patterns. Alternatively, later appearing defects could be the consequence of the MMC in these ovules being dysfunctional despite its normal appearance.
Although expression in the nucellus of both WIH1 and WIH2 require WUS activity, our results suggest that WIH1 and WIH2 mRNA levels are controlled in different ways. First, WIH expression requires WUS activity only in the nucellus, whereas other yet unidentified factors must provide expression in the vasculature via separate promoter elements. WIH1 and WIH2 encode novel homologous peptides that are absent from animals but present in plants and fungi. The amino terminal two-thirds of each protein contain several GYPPrepeats that have also been identified in animal proteins. Computer modeling implicates GYPP repeats in the formation of hydrophobic polyproline b-turn helices, which serve as protein-protein interaction surfaces [32] , and this notion is supported by direct protein binding studies [20] . Given that two-thirds of their length consist of GYPP repeats, it is plausible that WIH proteins interact with other, yet unknown proteins, via this domain.
Both genetic interactions and the indistinguishable phenotypes throughout the plant's life cycle link the cellular function of WIH1 and WIH2 to the putative tetraspanin-type transmembrane protein TRN2 and by inference to the leucine rich repeat protein TRN1 (Figure 6 ). Tetraspanins are thought to reside in the membrane and to provide a microenvironment (tetraspanin-web) for other proteins such as receptor kinases [33] .
Because WIH1 and WIH2 appear nonfunctional in the absence of TRN2 and vice versa, one possibility is that WIH1/2 might encode interactors of TRN2 or TRN2-associated proteins. Given their relatively small sizes, WIH1/WIH2 proteins might function as ligands of hydrophobic receptor domains. Expression of WIH genes in the nucellus correlates with the time when developmental defects are observed, consistent with a cell autonomous function; however, a non-cell-autonomous contribution cannot be excluded. Consistent with a function as an extracellular signal, the WIH1 gene had been identified in a screen for secreted and membrane spanning proteins [34] . Further studies will address the molecular mechanisms of how this pathway promotes the transition from somatic to female germ cell formation.
Experimental Procedures
Plant Growth and Mutant Lines Plant growth conditions were as described previously [11] . All wih1 and wih2 alleles used in this study are insertion mutants (details in Table S4 ). The wus-1 CLV1:WUS [10, 11] , nzz-2 [17] , trn1-1 [35] , trn2-1 [24] , and ant72F5 [36] mutants have been described previously.
PCR-Based Genotyping
Plants were genotyped for the wus-1 allele as previously described [10] . nzz-2 and trn2-1 dCAPS [37] primers were designed with dCAPS Finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html; Table S5 ). Primer sequences for PCR-based genotyping of wih and trn1-1 insertion alleles are shown in Table S5 . T-DNA/transposon insertion sites were confirmed by sequencing.
Expression Analysis by RT-PCR
For gene expression analysis of WUS overexpressing seedlings, RNA was extracted with TRIZOL reagent (Invitrogen), residual DNA was removed with RQ1 RNase-free DNase (Promega), and first strand cDNA synthesis was carried out with the SuperScriptIII system (Invitrogen) in accordance with the manufacturer's instructions. The cDNA was used as template for PCR. Primer and reaction details are summarized in Table S6 .
Isolation of WUS-Responsive Genes by Subtractive Suppression Hybridization
Nine-day-old 35S:WUS-GR and wus-1 seedlings were treated with 5 mM dexamethasone (Sigma) and harvested 8 hr later. After extraction of total RNA, polyA + -RNA was isolated [38] . cDNA synthesis was done with the SMART PCR cDNA Synthesis Kit, and subtractive suppression hybridization was performed with the PCR-SELECT cDNA Subtraction Kit in accordance to the manufacturer's instructions (both kits from CLONTECH). Resulting PCR products were cloned into pGEM-T (Promega) and introduced into Escherichia coli strain XL-1 blue. Inserts of resulting clones were PCR amplified, heat denatured, and blotted on two filters each with the Vacuum-DotBlotter (Bio-Rad). The filters were hybridized with radioactively labeled cDNA from induced and noninduced 35S:WUS-GR seedlings for identification of differentially expressed genes.
GUS Staining and Cytokinin Treatment
Staining for GUS activity of seedlings and inflorescences was performed as described previously [30] . After staining, the tissue was cleared in 70% EtOH. For ovules, GUS staining was done similarly except that vacuum infiltration and clearing in EtOH were omitted and ovules were mounted in 50% glycerol immediately after staining. For cytokinin induction experiments, plants were germinated on Murashige and Skoog medium (2.15 g/l, pH 5.8; Duchefa) supplemented with different concentrations of 6-BAP as indicated. At 14 days, 20-30 seedlings per treatment and genotype were harvested and GUS stained overnight.
Microscopy
Fixation and clearing of ovules for light microscopy was largely performed as previously described [39] . Longitudinally cut siliques were fixed in EtOH:-acetic acid (9:1) solution overnight and then washed twice in 80% and 70% EtOH for 30 min each. Siliques were cleared in chloral hydrate:water:glycerol (8:2:1, w:v:v) and dissected prior to microscopy. Ovule developmental stages were determined as described previously [2] . Histological sections were done as previously described [11] .
DIC photographs were taken with a Zeiss Axioplan Microscope. Photographs of seedlings and inflorescences were taken with a Leica MZ12 binocular and a Leica DC300 camera (Leica Microsystems).
For propidium iodide (PI) staining, roots were stained in 10 mg/ml PI solution for 60 s, transferred to water, and analyzed with a Zeiss AxioImager Z1. WIH1 and WIH2 genes act downstream of WUS and NZZ regulating megasporogenesis. The tetraspanin-type protein TRN2 could function in the same pathway as WIH1 and WIH2. The trn1 MMC phenotype and its genetic interaction with TRN2 [26] infers that the leucin rich-repeat protein TRN1 is also a component of this genetic network.
